Protein complexes with artificial aptamers exhibit a bias towards arginine, tryptophan and tyrosine, providing insights into physicochemical traits of the interactions between amino acids and RNA that may have led to the origin of the genetic code and the ribosome.
By the late 1960s the ample biological distribution of RNA and its biochemical properties had started to catch the attention of evolutionists, and in an extraordinary combination of scholarship and conjecture Francis Crick, Leslie Orgel and a few others independently suggested that the first living beings were devoid of both DNA and proteins, and dependent on RNA both as a genetic polymer and as a catalyst. As Crick wrote, the primitive ribosome ''had not protein at all and consisted entirely of RNA'' [1] , while Orgel (1968) stated that ''it seems quite possible that polynucleotide chains could make a primitive selection among organic molecules such as amino acids, by forming stereospecific complexes stabilized by hydrogen-bonding and hydrophobic interactions. This will be important in any discussion of the evolution of the genetic code'' [2] . The groundbreaking discovery of ribozymes gave considerable credibility to the idea that RNA had played a key role in the appearance of life. The discovery of ribozymes took everyone by surprise, because no one was looking for them, but the stunning widening of their functional repertoire under in vitro conditions has demonstrated that they can catalyze the same classes of chemical reactions as enzymes. The structural and regulatory properties of RNA molecules and ribonucleotides, combined with their catalytic activities and ubiquity in cellular processes, suggest that during an early, perhaps primordial, stage RNA molecules played a much more conspicuous role in heredity and metabolism ( Figure 1 ).
We still do not know how the RNA World first appeared. However, it should not be understood as a mere collection of catalytic and replicative molecules stripped of all other recognized attributes of extant life, but rather as an evolutionary stage during which polyribonucleotides interacted with a wide array of compounds of biochemical significance that may have been present on the primitive Earth, including amino acids, membrane-forming compounds and metallic cations. As suggested by a number of experiments, the inventory probably included small functional peptides that may have helped to shape the chemical environment in which life appeared [3] . However, such peptides R220 Current Biology 28, R208-R231, March 5, 2018 ª 2018 Elsevier Ltd.
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Dispatches would have come and gone without becoming the direct ancestors of extant proteins. Even if prebiotic processes replenishing them are postulated, in the absence of hereditary mechanisms ensuring their production and diversification, sooner or later they would be exhausted.
The evidence that the catalytic center of the ribosome is a ribozyme strongly supports the hypothesis that nucleic acid-directed protein synthesis appeared in the RNA World. In a paper published in a recent issue of Current Biology, Blanco et al. [4] follow the steps of Orgel, and argue that the physico-chemical properties of amino acids must have played a key role at the start of the stepwise evolution of protein biosynthesis. This includes their ability to interact with RNA molecules, as shown by reports on the efficient in vitro selection of different aptamers against arginine, valine and isoleucine, and tyrosine and tryptophan, which are cationic, hydrophobic and aromatic amino acids, respectively. Since it is unlikely that the first oligopeptides were already endowed with catalytic properties, it is possible that they may have been selected at first because of their ability to bind to RNA and stabilize functional conformations of ribozymes ( Figure 2) .
Extant RNA-binding protein domains may provide insights into these early stages, but as noted by Blanco et al., they are the outcome of a lengthy evolutionary history that reflects distinct selective pressures. To avoid such bias, they analyzed interactions between nucleic acids and proteins, but with an ingenious twist based on the characterization of a population of complexes of proteins with artificial nucleic acid aptamers derived from in vitro evolution. A meticulous study using bioinformatics tools and molecular dynamics analysis of the amino acid composition and interfacial residues of the complexes allowed Blanco et al. to show that positively charged arginine and lysine residues are overrepresented in the data set and, quite specifically, in the interfaces where the amino acid residues are directly involved in the nucleic acid-protein interaction.
By leaving out large proteins from their experimental design, Blanco et al.
excluded sequences that do not partake in nucleic acid binding. They selected instead two other sets of smaller proteins, one with less than 500 amino acids, and the other with less than 200 amino acids. In both cases, the aliphatic amino acids valine and leucine, as well as histidine, are strongly underrepresented in the binding sites. In these two sets, a compositional bias was observed towards positively charged residues, specifically arginine and lysine, as well as towards the aromatic residues tryptophan and tyrosine, which are among the top-most catalytic residues of extant enzymes [5] .
The same trends are observed in the amino acids present in the nucleic acidprotein interaction interface and the solvating areas of the complexes. A fascinating observation is that the properties of biological proteins are not quite the same as those of random sequences of amino acids, suggesting that in spite of the selective pressures, considerable degrees of freedom may exist in the sequence space of the components of peptide-RNA complexes. The results reported by Blanco et al. are consistent with the views of Fox and Naik [6] and of Kovacs et al. [7] , who have argued that the direct association of oligopeptides and proteins with primitive ribosomal RNA resulted in their mutual chaperoning and coevolution. The association of RNA and an arginine-rich proto-peptidic scaffold would provide protection to both components against environmental insults and chemical degradation. Because the binding between RNA and oligopeptides involves weak electrostatic interactions, the process described by Chen and her coworkers would have been most efficient in low temperature primitive environments.
A major caveat of the model is the prebiotic availability of arginine and lysine. While valine, leucine, and tyrosine are present in organic-rich chondritic meteorites and are readily formed in experimental simulations of the primitive soup, the same is not true of arginine, lysine or histidine. There are reports of a RNA and ribonucleotides are ubiquitous and play key catalytic, structural and regulatory roles in biological processes. The highly conserved ribonucleotide biosynthetic pathway very likely appeared prior to the divergence of the three major lineages. As shown in the lower part of the figure, ribonucleotides are reduced by ribonucleotide reductase (RNR) to deoxyribonucleotides, and some of their derivatives like coenzymes participate in biological catalysis and, as alarmones, in the activation or inhibition of cellular processes under stress conditions. RNA molecules can be divided into coding (cRNA) and non-coding (ncRNA). Like riboswitches, long ncRNA and small ncRNA play a key role in regulating gene expression (based on [12] ).
high energy abiotic synthesis of arginine by a Fischer-Tropsch-type process [8] and, more recently, from alphaaminopropionitrile in a multi-pot lowenergy cyanosulfidic chemical system [9] , but the absence of arginine and other basic amino acids in meteorites raises the issue of which compounds were available in the prebiotic Earth that could interact with RNA. It is of course possible that some amino acids like arginine and histidine are the outcome of early biological evolution and not of chemical evolution. This does not invalidate the conclusions of Blanco et al., since their work is based on the overall physicochemical properties of amino acids, including those that are not found in extant living beings. The available evidence suggests that the prebiotic broth was a chemical wonderland, and may have included oligomers containing both amide and ester linkages [10] , as well as chemical proxies of arginine and lysine, such as 2,4-diaminobutanoic acid, a diamino acid found in the Murchison meteorite [11] . It is also possible to picture metal ionmediated interactions between the phosphate backbone of RNA with negatively charged amino acids, like aspartic and glutamic acids, which are among the most abundant compounds synthesized under laboratory conditions and are present in carbon-rich meteorites.
Looking back across time since the origin of life occurred is a scientific exercise fraught with guesswork, since the evidence required to understand the prebiotic environment and the nature of the events that led to the first living systems is scant and sometimes open to opposite interpretations. However, the system-level approach developed by Blanco et al. is a good example of how to design experiments that can help to overcome at least in part the reductionism that haunts our understanding of the emergence of life.
